Redfish (Sebastes spp.) were caught at sea with feather hooks, kept alive in sea cages for >12 hours at 30 m depth, then transferred to cages at 10 m depth for another 12 h. Most fish survived this procedure in excellent condition. A total of 16 fish of length 24.5-30 cm were placed one at a time in an acoustically inert monofilament cage where target strength (TS) was measured for two hours using a 38 kHz split-beam echosounder. An underwater video camera enabled continuous monitoring of fish and cage. The best fit length based regression obtained from these data was TS=19 log [length (cm)] 66.6, in the standard format: TS=20 log [length (cm)] 68.1 (r 2 =0.18). TS varied by less than 4 dB over a range of tilt angles from 50 to 70 off dorsal aspect.
Introduction
Redfish (Sebastes spp.) are abundant and long-lived shoaling fishes that inhabit the shelf regions of the north Atlantic. Redfish are similar in morphology and in behavior to the many species of Pacific Sebastes. Redfish and other Sebastes have large swimbladders, exhibit semi-pelagic shoaling behavior and undertake regular vertical migrations. These features suggest that acoustic survey methods may be appropriate for Sebastes (Eliassen et al., 1994; Magnuson et al., 1994; Vaskov et al., 1998) . However, little work has been done on the acoustic properties of these species, in particular target strength (TS).
There are several methods to determine TS (Foote, 1991) . These include modeling, in situ and ex situ experimentation. Ex situ experiments allow fish of known size to be measured under known environmental and behavioral conditions (e.g. Edwards and Armstrong, 1984; Goddard and Welsby, 1986; Iida, 1995, 1996) . However, the manipulation of live fish can affect their behavior and physiology, both of which can impact TS (Foote, 1980a; Ona, 1990) . Indeed, for species such as Sebastes that are sensitive to pressure change, and deep water species in general, capturing live individuals and keeping them in good condition is difficult.
Sebastes are physoclystic (closed swimbladder) and are very sensitive to sudden changes in pressure. In the ocean, pressure increases uniformly with depth (for each ten metre increase in depth, the hydrostatic pressure increases by one atmosphere). According to Boyle's law, for an ideal gas of a given mass at constant temperature, the volume, V, is inversely proportional to pressure, p [equation (1)].
Hence, swimbladder volume is expected to increase more rapidly at shallower depths. For example, a doubling in swimbladder volume would be predicted if fish moved from 30 to 10 m depth (50% decrease in pressure). At 390 m depth, a fish would have to move 200 m upward in order to produce the same effect. Physioclysts must resorb or secrete gas to maintain neutral buyancy (Steen, 1970) . Gas secretion and resorption rates are insufficient to maintain a constant swimbladder volume at the speeds of vertical migration that has been observed in many marine fish (Bone et al., 1995) . It is believed that those fish experience neutral buoyancy only at the upper range of their migration (Blaxter and Tytler, 1978) . Experiments on cod (Gadus morhua) and saithe (Pollachius virens) indicated that reducing the pressure to one third caused rupture of the swimbladder (Tytler and Blaxter, 1973) . For safe decompression of these species a sequence of rapid reductions in pressure equal to 50% of the current adaptation level was suggested (Tytler and Blaxter, 1973) . After each step, 5 h was allowed for resorption of excess gas.
Little is known about the swimbladder response of redfish during vertical migration. However, redfish are seldom encountered close to the surface in the region of greatest potential swimbladder volume dynamics. This would suggest that the swimbladder of redfish is not as elastic as for species that frequent shallower waters. Redfish that are brought to the surface are typically bloated with air, with the expanded swimbladder obstructing their gills. Stomachs are frequently inverted and protruded through the mouth, indicating that the swimbladder is ruptured and the gas expelled into the body cavity. Individuals that appear in good condition often float, presumably because the volume and buoyancy of the swimbladder make a return to deeper water problematic. Even when caught in shallow waters (40 m) and brought to the surface slowly (0.5 m per min), redfish typically exhibit this bloated condition (Dennis Ivany, commercial fishermen, Petley, Newfoundland, personal communication).
In this paper, we report a technique that allowed us to capture redfish and keep them alive at sea in marine holding cages. We present results of acoustic TS experiments made on these captive redfish in an ocean compound under controlled conditions.
Materials and methods
This study was conducted from 19-26 August 1999, in Trinity Bay, Newfoundland. Beaked redfish (Sebastes mentella and/or S. fasciatus) were captured off Petley, Smith Sound, at depths between 50 m and 70 m using feather hooks on hand lines. Fish were retrieved as gently as possible and once at the surface were visually inspected for external damage (i.e. perforation of stomach or bulging eyes). Redfish judged to be in good condition were placed in cages (0.36 m 0.54 m 1.22 m, 4-cm mesh size) and immediately lowered to 30 m depth. No more than eight redfish were placed in each cage. After a minimum of 12 hours, the cages and fish were brought back to the surface for transfer to the nearby experimental site. At the surface, cages were immediately submerged in large plastic tanks holding sea water at ambient temperature and transported using an FRV (Fast Rescue Vessel) to the experimental site. At the experimental site, cages were lowered to a depth of 10 m. The total time that fish stayed at the surface was approximately 20 minutes. After the cages were in place at the experimental site, autonomous divers inspected the cage and the redfish. Following this inspection, a minimum of 12 hours further acclimation was allowed before any other manipulation was performed. Using this procedure, more than 50% of the fish initially captured survived and appeared to be in excellent condition. The survivors were very active and swam normally. Fish judged to be in less than excellent condition were released. Several escaped while being handled by the divers and displayed vigorous swimming activity.
The experimental set-up consisted of a series of ten floating platforms (each with dimensions 1 m 2 m) arranged in a 2 4 rectangle, anchored to the bottom at one side and attached to the Canadian Coast Guard Ship Shamook at the other. The CCGS Shamook was secured next to a deep wharf (total depth 11 m). A 38 kHz split-beam transducer was mounted on another platform moored in the middle of the floating set-up. Suspended on the transducer axis from that platform were a tungsten-carbide calibration sphere at a range of 6 m (TS= 42.3 dB at a sound speed of 1490 m s 1 ) and the fish cage apparatus at 8 m ( Figure 1 ). The apparatus consisted of two large aluminum frames (2.5 m 2.5 m) that stretched out a cage made of nylon monofilament (0.5-mm diameter) with a mesh size of 2.5 cm (amplitude of the empty cage was 74 dB). The cage dimensions were 0.32 0.50 0.78 m (0.125 m 3 , ignoring distortion due to stretching). The frames were 2 m above and below the cage. The upper frame was outside the acoustic beam (half-power 3.5 ) and was not detected in the acoustic signal at a threshold of 70 dB. An underwater video camera was installed next to the set-up to allow constant monitoring of the fish and apparatus during daylight hours. The video camera was also set outside of the acoustic beam and did not produce interfering echoes. Individual fish were transferred from the holding pens to the acoustic cage by divers. The divers then cleared the transducer face of air bubbles and returned to the surface. Each fish was acoustically assessed for at least two hours, after which it was measured, weighed and dissected to examine the condition of the internal organs, especially the swimbladder. In total, 21 fish were subjected to this protocol.
Acoustic measurements were made using a SIMRAD EK500 and ES38B split-beam transducer (7 ) employing a transmit pulse duration of 0.8 ms at 1 ping s 1 . The maximum gain compensation was set to 3 dB and the maximum phase deviation between the split-beam quadrants to two phase steps, where one phase step is equal to 2.8125 electrical degrees difference in the carrier frequency. The acoustic data were initially edited to remove signal attributable to other fish (mainly cunner Tautogolabrus adspersus and Atlantic cod Gadus morhua that were attracted to the apparatus), using information from the simultaneous video monitoring and observation of the echotrace from the redfish. For four individuals, temporary entanglement of the fish in the mesh of the cage enabled measurements at known tilt angles. Angles were estimated using video images and divers observations with an accuracy of 5 . Tilt angles were positive when the head of the fish was higher than its tail and inversely for negative angles. Only events during which fish were positioned with the dorsal and ventral surfaces in line with the acoustic axis (no roll) were included in the analysis.
Means, medians and percentiles of TS were arithmetically determined from the backscattering cross section of the fish prior to logarithmic transformation (Foote, 1987) . TS-length regression models were generated for fish at the normal swimming aspect (near dorsal) as TS (dB)=a log [length (cm)]+b and TS (dB)=20 log [length (cm)]+b. TS of fish measured at various non-zero tilt angles (under Redfish Cod head tail Figure 2 . Variation of the cross sectional area at maximum dorsal aspect and 70 tilt angle for swimbladders of redfish (Sebastes) and cod (Gadus) of the same length. Shapes roughly reproduced from Fänge (1953) . Maximum dorsal aspect for redfish is equivalent to a 15 downward inclination of the head to tail axis. This angle is between 4 and 7 for cod.
temporary entanglement) were not included in the model but were used to estimate directivity.
Results
Of the 21 fish measured, 16 were judged to have remained in excellent condition throughout the experimental period and had swimbladders and all other organs that appeared to be in place and intact upon post-mortem examination. Swimbladders were observed to be pear-shaped with the bigger part at the anterior end ( Figure 2 ). All individuals measured were females with non-reproductive ovaries. Fish length ranged from 24.5-30 cm and weights ranged from 239-431 g.
The shape, spread and kurtosis of the TS histograms varied considerably among individuals (Figure 3) . Sample size (i.e. number of acoustic measures) varied according to time spent in the cage and interference by free-swimming fish. On several occasions, large Atlantic cod (estimated length>60 cm) took a resting position on top of the acoustic cage, sometimes for more than an hour. Such events interupted the usable data from the encaged redfish.
Mean TS of the 16 redfish measured at normal swimming aspect (near dorsal) ranged from 37.5 dB to 41.4 dB (Figure 4) . The best fit regression of TS on length was TS (dB)=19 log [length (cm)] 66.6 (95% CI 67.2 to 66.0; r 2 =0.18) and in the standard form TS (dB)=20 log [length (cm)] 68.11 (95% CI 68.7 to 67.5; r 2 =0.18). Four fish were measured at tilt angles ranging from 50 to 70 from dorsal aspect (three fish were measured at more than one angle). TS at the various tilt angles was standardized and expressed as a deviation from the median TS at 0 for each fish. The median was chosen as descriptive of the central tendency since it is less affected by extreme values than the arithmetic mean. Extreme values did occur for some fish that were sporadically jerking against the net. The maximum deviation of TS from the median at dorsal aspect (0 ) was 3.8 dB over the range of tilt angles from 50 to 70 ( Figure 5 ).
Discussion
Useful acoustic measures of fish can be made under experimental conditions only if fish are in excellent condition. Swimbladder inflation should approximate that of free-swimming fish, and behavior should be as natural as possible. Achieving those conditions with Sebastes is difficult. However, we believe that the methods we have developed have by and large met these conditions. In particular, fish were captured in relatively shallow waters, handling time at the surface was minimal, and the experimental set-up was installed close to the capture site. Fish that survived the capture and caging procedure appeared to be in excellent condition, and were vigorous and neutrally buoyant (no abnormal sinking or floating). Dissected swimbladders of experimental fish appeared to be normal and inflated. Some of these fish had overly inflated swimbladders at time of capture. Nevertheless, it appears that the swimbladder can deflate to a normal condition if it is not ruptured and fish are submerged to depths and pressure near those of their capture location with minimal delay. It is noteworthy that even though the fish in the best condition were used in the experiments, several others kept for four days were released at the end of the study and appeared to be in good condition.
The redfish measured were all of a similar size, with lengths of 24.5-30 cm. The overall mean TS of these fish at normal swimming aspect was 39.3 dB. The minimal length range of these fish predictably limited the precision of the length based model. Nevertheless, the standard TS-length model had an intercept of 68.1, which was similar to the intercept ( 67.6) measured for these species in a study based exclusively on in situ data (Gauthier and Rose, 1998) , and is in good agreement with the standard reference intercept of 67.5 provided by Foote (1997) for the TS of physoclists. There are few other studies on the TS of Sebastes for comparison to these results. Foote et al. (1986) derived a standard form equation with an intercept of 67.1 for in situ measurements on Sebastes marinus of 6-43 cm length in the Norwegian sea, which is similar to the present results and those of Gauthier and Rose (1998) . In contrast, Reynisson (1992) reported a mean TS of 40 dB for Sebastes mentella of mean length 36.9 cm in the Icelandic acoustic surveying of the Irmenger sea, which is more than 3 dB lower than would be predicted by extrapolating the present data ( 36.8 dB). However, the tilt angle distribution of the surveyed fish is unknown, and the difference between the results reported by Reynisson (1992) and other may relate to variability in the tilt angle distribution of free-swimming fish.
Our data indicated that significant change occurred in TS with change in tilt angle. However, the amplitude of the observed directivity (to 4 dB) was not as large as reported for other species (e.g. Atlantic cod) which may have directivities of 10-20 dB at similar angles (e.g. Nakken and Olsen, 1977; MacLennan et al., 1990; Rose and Porter, 1996) . The variation in TS according to orientation will depend on the geometry of the swimbladder and on the acoustic frequency (McClatchie et al., 1996) . The swimbladder of Sebastes is large and has a broad pear shape, in contrast to the more oblong configuration of bladders of many other species such as the gadoids (Fänge, 1953 , Figure 2 ). The inclination of the bladder longitudinal axis relative to the horrizontal plane of the fish also has an important effect on TS (Midttun and Naken, 1971; Love, 1977; Foote, 1980b) . For the redfish in this study we found an inclination of approximately 15 , as opposed to typical values of 4-7 for cod (Midttun and Hoff, 1962; Nakken and Olsen, 1977) , although Clay and Horne (1994) reported values as high as 17 for smaller cod (<20 mm). The relatively small variation in TS with tilt angle observed in redfish is consistent with the spherical shape of their bladder. An examination of the echotrace of single redfish suggests that they differ from those of species having an elongated swimbladder, e.g. Atlantic cod (Figure 6 ). The gradient of echo amplitude is steep in cod (>20 dB). In addition cod typically have a double-tailed ''inverted v'' shaped echotrace with maximum intensity towards the center (as a result of directivity). In contrast, the gradient of intensity across a typical redfish echotrace is much less steep, and may be less symmetrical. These characteristics are consistent with the pear-shape reflecting surface of Sebastes swimbladders and could prove to be valuable in species identification based on echo signature analysis (e.g. LeFeuvre et al., 2000) . Echo-trace analysis (Furusawa and Miyanohana, 1998) and target tracking techniques (Brede et al., 1990) could be used to determine interspecific variability in the directivity of fish by analysing the shape of the trace. Finally, the lower level of directivity suggests that variation in TS resulting from tilt angle differences may be less for Sebastes than for species with elongated swimbladders. Figure 6 . Typical echotraces of single redfish (Sebastes mentella) and Atlantic cod (Gadus morhua) at 40logR amplification. Traces were formed by 11-16 adjacent echoes received as the acoustic beam passed over the fish. Traces were collected under similar conditions using an EK500 38 kHz split-beam transducer. A relative color scale is shown on the right, with steps of 3 dB.
